This paper clarified a novel strategy to improve the tensile properties of the Ti-48Al-2Cr-2Nb alloys fabricated by electron beam melting (EBM), via the finding of the development of unique layered microstructure composed of duplex-like fine grains layers and coarser ␥ grains layers. It was clarified that the mechanical properties of the alloy fabricated by EBM can be controlled by varying an angle Â between EBM-building directions and stress loading direction. At room temperature, the yield strength exhibits high values more than 550 MPa at all the loading orientations investigated (Â = 0, 45 and 90 • ). In addition, the elongation at Â = 45 • was surprisingly larger than 2%, owing to the development of this unique layered microstructure. The anisotropy of the yield strength decreased with increasing temperature. All the examined alloys exhibited a brittle-ductile transition temperature of approximately 750 • C and the yield strength and tensile elongation at 800 • C were over 350 MPa and 40%, respectively.
Introduction
TiAl-based alloys have been considered as potential candidates for aeroengine gas turbine applications because of their low density, high-temperature specific strength and superior corrosion resistance [1] [2] [3] . These alloys have already been used in commercial applications such as low-pressure turbine blades on current turbine engines and turbochargers for automobiles [4] . However, the poor room temperature ductility and high reactivity of TiAl alloys make them difficult to process and limit their application [5] . To overcome these disadvantages, a powder-bed additive manufacturing (AM) process [6, 7] has emerged as a promising fabrication process cursor powder and fabricated samples of TiAl alloys by EBM. They also reported the potential to fabricate TiAl products with complex shape using EBM. Schwerdtfeger et al. [10] reported on a process window for processing Ti-48Al-2Cr-2Nb (at%) alloy and the effect of the process parameters on the chemical composition [10] . Biamino et al. [11] reported the microstructure homogeneity of as-EBM specimen and the effect of both heat treatment and hot isostatic pressing (HIP) on the microstructure and mechanical properties of Ti-48Al-2Cr-2Nb alloys. Despite the success in the fabrication of TiAl alloys, the mechanical properties of as-EBM specimens need to be further improved for aerospace applications. In particular, the poor ductility of as-EBM specimens at ambient temperature should be overcome, for industrial applications, while ensuring sufficient strength, creep resistance and fracture toughness [1] [2] [3] .
It is well known that the mechanical properties of TiAl alloys are significantly affected by the microstructure, which can be sensitively changed by heat-treatment [1] [2] [3] ; it is generally considered that a fine equiaxed microstructure is preferable for ductility and strength, while a coarser full-lamellar microstructure (or nearlamellar) is preferable for creep properties. Thus, one approach for improving the mechanical properties of as-EBM TiAl alloys is to control the microstructure. Control of the microstructure and crystallographic texture by EBM and SLM processes has been examined in other alloys such as Ti-6Al-4 V alloys [17] [18] [19] , stainless steels [20] , Ni-based alloys [21] and Co-Cr alloys [22] . It was also reported that the microstructure of TiAl alloys fabricated by EBM was sensitive to the process parameters [10, 13] , but the details are not sufficiently clarified yet. During EBM, the electron beam locally melts successive layers of powder to produce TiAl alloy parts, accompanied by the local heat treatment in the vicinity around the melting pool. Thus, there is a possibility that the control of microstructure which is composed of suitable arrangement of different microstructural layers is achieved by EBM. However, such control of the microstructure in TiAl alloys focusing on local heat treatment under the melting layer during the EBM process has not been sufficiently explored. It is also well known that Ti-48Al-2Cr-2Nb alloys exhibit good oxidation resistance and a relatively good balance of mechanical properties up to 750 • C [3, 23, 24] . Therefore, the purpose of the present study is to control the microstructure of a Ti-48Al-2Cr-2Nb alloy by EBM. As a result, we found the development of unique layered microstructure. The influence of the development such unique microstructure on the tensile properties of as-EBM specimens was investigated.
Material and methods
The EBM specimens were fabricated using an Arcam A2X EBM system (Arcam AB, Mölndal, Sweden). The precursor powder of the Ti-48Al-2Cr-2Nb alloy, used in the present study, consists of spherical particles of which average diameter is around 100 m. An electron beam was scanned according to a zigzag pattern; the building path was rotated by 90 • between each layer. The cylindrical bars of Ti-48Al-2Cr-2Nb alloy were fabricated by EBM operated at 60 kV. The layer thickness for each fed powder layer was 90 m and the pre-heating temperature before melting powder layer was 1060 • C. The angle (Â) between the building direction and cylindrical axis of these rods was set to 0 • , 45 • and 90 • , as shown in Fig. 1 . The constituent phases in as-EBM specimens were identified by X-ray diffraction analysis (XRD, Philips X-pert Pro). Specimens for the microstructure observation were cut from the as-EBM bars by electro-discharge machining and were subsequently polished mechanically and electrolytically in a perchloric acid: butanol: methanol solution (6: 35: 59 vol%) to remove the surface damage. The microstructures were examined using an optical microscope (OM) and a scanning electron microscope (SEM, JEOL JSM-6500F). Table 1 Chemical composition of the as-received powder and the as-EBM specimen at Â = 0 • in at% and wt% units. Specimens were etched using a solution consisting of 2.5 mL of HF, 4.5 mL of HNO 3 and 250 mL of H 2 O for the OM observations. Tensile specimens were cut by electro-discharge machining from the center of the as-EBM bars. The dimensions of the tensile specimens were approximately 0.8 × 1.5 mm in cross section and 5 mm in gauge length. Note that the loading axis was set to be parallel to the cylindrical direction. Tensile tests were conducted in vacuum at various temperatures between room temperature and 800 • C at a nominal strain rate of 1.67 × 10 −4 s −1 . The slip markings were observed using an OM equipped with Nomarski interference contrast. The deformation microstructure was observed using a transmission electron microscope (TEM, JEOL JEM-3010) operated at 300 kV. Thin foils for TEM observations were prepared by electropolishing in an acidic electrolyte. In order to examine the mechanical properties of the local area, nanoindentation hardness was measured using a nanoindenter (Elionix, ENT-1100a) at a maximum load of 29.4 mN.
Elemental chemical composition

Results
Unique layered microstructure of Ti-48Al-2Cr-2Nb alloy fabricated by EBM
The chemical compositions of the precursor powder and Â = 0 • specimen prepared by EBM are shown in Table 1 . It is pointed out that contamination by impurities such as oxygen, nitrogen and carbon is very limited thanks to the high-vacuum environment in the Arcam A2X EBM system. This is very important because these impurities decrease the ductility of this alloy at room temperature [25] . In addition, the loss of Al during EBM, which is reported to be caused by the evaporation due to high temperature during the EBM [11, 13] , is approximately 2 at%. Fig. 2 shows the variation of the XRD profiles of the Â = 0 • , 45 • and 90 • specimens. Diffraction peaks for ␥-TiAl and ␣ 2 -Ti 3 Al phases are clearly visible, suggesting that the two-phase structure composed of the ␥ and ␣ 2 phases was predominately produced in the alloys regardless of the Â. The ␥ phase is ideally the tetragonal structure (L1 0 , P4/mmm, a = 0.3997 nm and c = 0.4062 nm for the Ti-50Al alloy) and the ␣ 2 phase is the hexagonal structure (D0 19 , P6 3 /mmc, a = 0.5765 nm and c = 0.4625 nm for the Ti-25Al alloy) [3] . From the intensity ratio between the XRD peaks of the ␥ and ␣ 2 phases, the volume factions of these phases are similar in these specimens. In Fig. 2 , the peaks corresponding to the ␤ phase with the body centered cubic (bcc) structure were also detected although the intensity is much weaker than those of the ␥ and ␣ 2 phases. Microstructural observation using the electron backscatter diffraction pattern analysis in the scanning electron microscopy (SEM-EBSD), it was confirmed that the ␤ phases exist mostly near the surface region in the fabricated samples where rapid solidification occurred, and it was hardly seen in the central part of the prepared samples where the mechanical properties were examined in the following sections. Fig. 3 shows the microstructure in the cylindrical EBM-built bars as a function of Â. These micrographs were taken in the cross- sections with respect to the building direction. Fig. 3 (a)-(c) show low magnification micrographs of the specimens built at Â = 0 • , 45 • and 90 • , respectively. Cracks due to thermal stress and residual pores are rarely observed in these specimens. In addition, the total porosity was determined to be less than 0.5% in all the examined specimens. This demonstrates that the process parameters of EBM in the present study can produce dense Ti-48Al-2Cr-2Nb alloy specimens. It is emphasized here that in Fig. 3 (a)-(c), some chains of equiaxed grains aligned perpendicular to the building direction can be seen. The observation in the high magnification images in Fig. 3 (d)-(f) suggested that the microstructure is composed of the repeated stack of two layers with different characteristic features. One is predominantly composed of lamellar-structured ␥/␣ 2 fine grains and fine equiaxed ␥ grains, and another is composed of coarser equiaxed ␥ phase grains which form a chain perpendicular to the building direction. These were further confirmed by the TEM observations, as described later. Hereafter, these two layers are referred to as duplex-like region and ␥ band region, respectively.
In the ␥ bands, the ␣ 2 phase is hardly observed. The layer thickness of the duplex-like region and the ␥ band region was measured along the building direction in the vertical cross-section, as shown in Fig. 3 (g). The error bars in the figure correspond to the standard deviation of the thickness. Regardless of Â, the average layer thickness of the duplex-like region and the ␥ band was approximately 60 m and 30 m, respectively. It should be noted that the sum of these layer thicknesses corresponds approximately to the average thickness of powder layer fed at each cycle during the EBM process, suggesting that the formation of the unique layered microstructure shown in Fig. 3 is closely related to the layer-by-layer building. Fig. 3 (h) shows the average grain size in the duplex-like region and the ␥ bands. When the average grain size in the duplex-like region was evaluated, the lamellar and ␥ grains were taken into consideration. As shown in Fig. 3(h) , the average grain size is also independent of the angle Â. The grain size in the ␥ bands is approximately 20 m, which is larger than that of the duplex-like region. The average grain sizes in as-EBM specimens are extremely small in comparison to those prepared by some conventional processes [26, 27] and almost the same as those in the as-EBM components prepared by Hernandez et al. [12] .
The ␥ phase grains in the ␥ bands at Â = 0 • were observed by TEM, as shown in Fig. 4 . The bright-field image was taken with [110] beam direction, as shown in the diffraction pattern. Cracks and pileup dislocations are hardly observed in the ␥ grain, though there exists some dislocations with low density. Note that neither cracks nor pile-up dislocations were observed at the interface between the duplex-like region and the ␥ bands, though the results are not shown here. This reveals that the process parameters of EBM in the present study are suitable for the preparation of Ti-48Al-2Cr-2Nb alloy specimens with high reliability.
On the other hand, it was confirmed by TEM observations that the duplex-like region is composed of fine lamellar ␥/␣ 2 fine grains and fine equiaxed ␥ grains. Fig. 5 (a) and (b) show the bright-field and dark-field images of a lamellar grain in the duplex-like region, respectively. The dark-field image in (b) was taken with the superlattice diffraction spot of the ␣ 2 phase. The ␥ and ␣ 2 phases in the lamellar grains are confirmed to satisfy the following orientation relationship as generally reported,
The volume fraction of the ␣ 2 phase appears to be small ( Fig. 5(b) ). The distribution of lamellar thickness was measured using these TEM images and the results are shown in Fig. 5 (c) and (d). As shown in these figures, the average thickness of the ␥ and ␣ 2 lamellae in the lamellar grains are 162 nm and 48 nm, respectively. These values are smaller than those of Ti-48Al polysynthetically twinned (PST) crystals [28, 29] and almost identical to those of TiAl alloys fabricated by SLM [16] . These features might depend strongly on the process parameters [16] . All these observations demonstrate that the development of a unique layered microstructure which is hardly obtained by any other processes could be achieved by the present EBM process. The orientation dependence of the deformation behavior of the as-EBM alloys derived from this layered microstructure is described in the next section.;1; 
Tensile deformation behavior of EBM-fabricated
Ti-48Al-2Cr-2Nb alloy with unique layered microstructure Tensile tests were conducted to clarify the effect of the unique layered microstructure composed of the duplex-like region and ␥ bands on the mechanical properties of Ti-48Al-2Cr-2Nb alloy manufactured by EBM. Fig. 6(a) shows the orientation dependence of the tensile stress-strain (S-S) curves at various temperatures. Here, Â is defined to be the angle between the loading axis and the building direction in the alloys. Focusing on the microstructural features described in the previous section, the Â approximately corresponds to the angle between the loading axis and the normal direction of the interface of the layers microstructure in the alloys, as schematically drawn in Fig. 6(a) . For all the examined specimens, the S-S curves exhibited a smooth shape. After yielding, strain hardening is observed and the rate of strain hardening gradually decreases when the temperature increases, as shown in Fig. 6(a) . At 800 • C, the flow stress tends to decrease with an increase in strain due to necking at any Â. It should be noted that the angle Â has an influence on the yield strength and the tensile elongation of the specimens, especially at room temperature ( Fig. 6(b) and (c) ). For instance, the yield strength at Â = 45 • was ∼566 MPa, which was slightly lower than that at Â = 0 • (∼605 MPa) and 90 • (∼587 MPa) at room temperature. However, even at Â = 45 • , the yield strength of the as-EBM specimens at room temperature was higher than that prepared by casting [1] , owing to the development of much finer microstructure. In addition, the room temperature ductility of the specimen at Â = 45 • is significantly improved to more than 2%, as shown in Fig. 6(c) , which significantly quite higher than that for conventional casting [1, 3] . On the other hand, the tensile elongation with Â = 0 • and 90 • at ambient temperature demonstrates low values, compared with that at Â = 45 • . Note that the obtained yield strength and room temperature ductility were larger than those in the Ti-48Al-2Cr-2Nb alloys with non-layered equiaxed microstructure prepared by EBM and following HIP treatment [11] . This also suggests the potential of this material with the layered microstructure in terms of developing structural applications in the future. At any Â tested, the yield strength gradually decreases with increasing temperature up to 600 • C followed by an increase in strength ( Fig. 6(d) ). After showing a peak at 700 • C, the yield strength decreases again as temperature rises. This means that an anomalous strengthening, typical in some intermetallic compounds as the details are discussed later, appears in the as-EBM alloy. It is noted that the yield strength is over 350 MPa even at 800 • C, and the anisotropy of yield strength observed at low temperatures becomes small at 800 • C.
On the tensile elongation of these specimens, it slightly increases with an increase in temperature and significantly rises above 700 • C ( Fig. 6(e) ). The cracks often forms on the layer interface between the duplex-like region and ␥ bands. The elongation at Â = 0 • was the lowest at the examined temperatures because this interface arranges perpendicular direction from loading axis. However, the tensile elongation of all the specimens was over 40% at 800 • C and this value is similar to that of Ti-48Al-2Cr-2Nb alloys produced by other processes [1, 3] . Fig. 7 shows optical micrographs of the specimens side view after the tensile tests at room temperature. The slip trace and surface relief of deformation twinning can clearly be observed in the ␥ bands, especially at Â = 45 • . This strongly suggests that ␥ bands act as effective ductile components in the as-EBM alloy. In order to examine the deformation behavior of the ␥ bands at room temperature, the deformation microstructure was observed by TEM, as shown in Fig. 8 . It should be noted that deformation of the ␥-phase is known to be controlled by the {111} (a/2) < 11 0]] ordinary dislocation, {111}a < 1 01 ]] superlattice dislocation and {111} (a/6) < 112 ]] twinning systems [3] . After tensile deformation to fracture with Â = 0 • at room temperature, numerous dislocations are observed in the ␥ bands. The Burgers vector of the dislocations observed after the tensile deformation was determined by g·b contrast analysis on the bright-field TEM images with several different reflection vectors (g vectors). Both tangled and straight dislocations aligned parallel to [1 1 0 ] are observed in the ␥ bands in Fig. 8(b) . In contrast, the former is visible with g = 020 (b), 111 (c, d) and is out of contrast with g = 11 1 (a) and 22 0 (e). On the other hand, straight dislocations show a strong contrast with g = 11 1 (a), 02 0 (b) and 22 0 (e) while they cannot be seen with g = 11 1 (c, d). From these results, the tangled and straight dislocations are determined to (a/2) 11 0 and (a/2) [110] ordinary dislocations, respectively. Therefore, the ordinary dislocations preferentially operate in the ␥ bands in addition to {111} (a/6) < 1 12 ] twins at room temperature. It was reported that an activation of these slip and twinning systems strongly depends on the Al concentration [30] . These results are consistent with a previous study showing that the ordinary dislocations and deformation twins move more easily than the superlattice dislocations in Ti-rich TiAl alloys [30] .
Deformation microstructure of Ti-48Al-2Cr-2Nb alloy fabricated by EBM
Discussion
Formation mechanism of the unique layered microstructure composed of the duplex-like region and the bands
Ti-48Al-2Cr-2Nb alloy fabricated by EBM in the present study exhibited a unique layered microstructure composed of duplex-like region and ␥ bands (Fig. 3) . The development of similar microstructures were previously reported by Loeber et al. [15] and Terner et al. [31] in Ti-(46-48)Al-2Cr-2Nb and Ti-(47-48)Al-2Cr-8Nb EBM alloys, although the term "layer" was not mentioned. In comparison, "layered" microstructure seems more clearly developed in the present material. In order to understand the formation mechanism of the unique layered microstructure, we observed the last several melting layers close to the top surface of the cylindrical bars at Â = 0 • , as shown in Fig. 9(a) . The microstructure of the as-EBM specimen varies gradually with increasing distance from the top surface. Fig. 9 (b)-(e) show high-magnification micrographs of the white square regions in Fig. 9(a) . It is interesting to note that full-lamellar, near-lamellar, duplex-like and near-␥ (equiaxed ␥) structures can be seen in Fig. 9(b) -(e), respectively. In Fig. 9 (e), one can observe the layered microstructure composed of the duplexlike region and the ␥ bands. It is well known that microstructure of Ti-rich TiAl alloys composed of ␥ and ␣ 2 phases depends on annealing temperature, as shown in Fig. 9(f) . If annealing temperature (T 1 ) is set to (b), (c), (d) and (e) in the Ti-Al binary phase diagram, fulllamellar, near-lamellar, duplex and near-␥ structures are formed, respectively [1] [2] [3] 32] . The full-lamellar structure which has coarse lamellar grains with alternating stacking of ␥ and ␣/␣ 2 lamellae is formed by heat treatment at temperatures above the ␣ transus (T ␣ ) [1, 32] . On the other hand, the near-lamellar structure composed of the many lamellar grains and smaller amount of equiaxed ␥ grains can be obtained just below T ␣ . The duplex and near-␥ structures are formed in the ␣ + ␥ region at around 1250 • C and just above the eutectoid temperature, respectively. It should also be noted that the duplex and near-␥ structures correspond to the duplex-like region and the ␥ bands in the as-EBM specimens, respectively. The volume fraction of the ␣ 2 phase decreases with decreasing temperature, resulting in the microstructure change associated with the annealing temperature. During the EBM process, an electron beam locally melts the TiAl alloy powders near the top surface. As a result, the area close to the melting pool is heat treated at different temperatures. It is easily understood that the temperature decreases with increasing distance from the melting pool along the building direction. In this way, the microstructure changed from the top surface in the following sequence: full-lamellar, near-lamellar, duplex-like and near-␥ structures, as shown in Fig. 9 . Fig. 10 schematically shows the the microstructure evolution during the EBM process. During the process, feed and fusion of the powder layers repeated alternatively. The full-lamellar and near-lamellar regions formed in the vicinity of the top surface are cyclically heat-treated during the EBM process. With increasing powder fusion cycles, the distance between the lamellar regions and the top surface increases. This means that the annealing temperature for the lamellar regions decreases with increasing the number of cycles, and therefore, the regions annealed around 1250 • C changed into the duplex-like region by discontinuous coarsening [33, 34] . Finally, the duplex-like region subjected to the heat treatment just above the eutectoid temperature ((e) in Fig. 9(f) ) is transformed into the ␥ bands. Since the pre-heating temperature is 1060 • C, there should be the area annealed at temperatures favorable for the formation of the ␥ bands, as shown in Fig. 10 . In this way, the ␥ bands perpendicular to the building direction are periodically introduced in the duplex-like region. Note that the microstructure of the area away from the top surface no longer changes. Finally, the unique layered microstructure consisting of the duplex-like region and the ␥ bands is kept. It should be noted that the sum of the layer thicknesses of the duplex-like region and the ␥ bands was approximately equal to the thickness of powder layers at each cycle during the EBM process ( Fig. 3(g) ), which is consistent with the model for the microstructure evolution schematically shown in Fig. 10 . The above considerations suggest that the tuning-up of the process parameter in the EBM process is one of the important factors that govern the development of the layered microstructure.
It should however be mentioned that the microstructure is not perfectly layered in the present samples, but a disturbance partly exists. While the major part of the coarser equiaxed ␥ grains are indeed aligned perpendicularly to the building direction, the layered structure is not perfectly clear and regular at some parts, as it can be seen in Fig. 3 . Some duplex structures interrupted the ␥ bands, and in some zones of several hundreds of microns the deprivation of coarse ␥ was seen. This suggests that other factors in addition to the process parameters may also affect the formation behavior of the layered microstructure, such as Al evaporation, powder particles size and distribution, and building path strategies. Further investigations must be carried out to clarify this issue.
Origin of the anisotropic tensile deformation behavior of the EBM-fabricated Ti-48Al-2Cr-2Nb alloy with layered microstructure
Mechanical properties of as-EBM alloy at room temperature exhibited strong plastic anisotropy depending on Â. The as-EBM alloy built at Â = 45 • demonstrated the largest tensile elongation ( Fig. 6(c) ). This ductility was over 2% and was significantly higher than that of the cast alloys [1] . Not only ␥ phase is known to show more ductile behavior than ␣ 2 phase, the grain size of the duplexlike region in the layered microstructure was smaller than that of the ␥ bands, as shown in Fig. 3(h) . Thus, the ␥ bands are expected to be preferentially deformed in as-EBM alloy. In fact, numerous markings of slip/twin traces were concentrated at the ␥ bands, as shown in Fig. 7 . Furthermore, (a/2) <110] ordinary dislocations were frequently observed in the ␥ bands ( Fig. 8 ). Fig. 11 shows the nanoindentation hardness of the duplex-like region and ␥ bands at room temperature. The ␥ bands showed lower hardness than the duplex-like region, as expected. Thus, the duplex-like region acts as the strength component and ␥ bands act as the ductile component in the as-EBM alloy at ambient temperature. If tensile load is applied to the tensile specimens, a maximum shear stress is achieved at 45 • to the loading axis. Therefore, at Â = 45 • , shear deformation preferentially took place parallel to the soft ␥ bands, resulting in large tensile elongation. On the other hand, shear deformation was suppressed by the boundaries between the hard duplex-like region and soft ␥ bands at Â = 0 • and 90 • , which led to low tensile elongation. When the value of elongation was compared in them, it is slightly larger at 90 • than that at 0 • . This is considered to be related to the different orientation of the cracks propagation path in them, as the details are described later. It is also noted that as-EBM alloy at any exhibited higher yield strength at room temperature than the alloys prepared by some other processes [1, 11] , as shown in Fig. 6(b) . Smaller grain size ( Fig. 3(h) ) and lamellar thickness ( Fig. 5(c) and (d)) in the layered microstructure of the as-EBM alloy led to higher yield strength at room temperature.
Plastic anisotropy of the yield strength shown in the as-EBM alloy at room temperature became small at high temperatures, and the tensile elongation rose rapidly above 700 • C ( Fig. 6(d) and (e)). It is known that the duplex structure in TiAl alloys is more easily deformed by increasing activity of the slip and twinning systems [11] . Thus, it is considered that the softening of the duplex-like region led to small anisotropy of the yield strength depending on Â. A brittle-to-ductile transition temperature (BDTT) of the duplexlike region existed at around 750 • C, which is slightly lower than the BDTT of this alloy produced by EBM in a previous study [11] . Note that the experimental results shown in Fig. 6 (e) demonstrated that the BDTT at 90 • is shifted towards a lower temperature compared to both 0 • and 45 • loading orientations at around the BDTT, although large elongation more than 40% can be obtained in all the specimens above 800 • C. A possible reason for this is the different orientation of the cracks propagation path, which follows the duplex-like and ␥ bands layers interface, with respect to the loading axis. In the 90 • specimen, the propagation of the cracks along the interface of the layered microstructure does not directly lead to the fracture of the specimens, unlike in 0 • and 45 • specimens. Further study is required to support this assumption.
It is also noted that the anomalous increase in yield strength with increasing in temperature was observed to take place in the as-EBM alloy, as shown in Fig. 6(d) . The positive temperature dependence of yield strength was also reported to occur in Tirich TiAl alloys [11, 35] . This is considered to be induced by the occurrence of yield strength anomaly by {1121} < 1 126 > pyramidal slip in the ␣ 2 phase [35] , and {111}<1 01] superlattice slip and {111}<11 0 ] ordinary slip in the ␥ phase [36] [37] [38] . Anomalous strengthening of the as-EBM alloy is favorable for its practical use at high temperatures.
The results obtained in the present study suggest that EBM can develop a unique layered microstructure which is not obtained by any other processes, and thus it has a great potential in terms of developing structural applications for TiAl-based alloys because both high strength and room temperature ductility were achieved in as-EBM TiAl alloy. Since ␥-TiAl alloys are considered for high temperature applications, high temerature creep properties are also critical. As described in introduction, the development of a fine microstructure is preferable for improving the ductility and strength, as it was confirmed in this study, while it is generally known to worsen the creep properties. Thus, further optimization of microstructure for ensuring not only the ductility and strength, but also the creep resistance at a high level is essential. The effect of the unique microstructure obtained by EBM on the creep properties of such materials are being presently studied.
Conclusions
The microstructure and tensile deformation properties of Ti-48Al-2Cr-2Nb alloy fabricated by EBM were examined, focusing on the development of a unique layered microstructure. The results obtained are summarized and the following conclusions were reached:
1. EBM accompanied by the repeated local heat treatment in the vicinity around the melting pool led to the production of a unique layered microstructure composed of duplex-like regions and ␥ bands. The ␥ bands were arranged perpendicular to the building direction. 2. The yield strength and tensile elongation of Ti-48Al-2Cr-2Nb alloy prepared by EBM varied significantly depending on the angle Â between the building direction and the loading direction. At room temperature, the yield strength exhibited high values more than 550 MPa at any Â. The tensile elongation at Â = 45 • was higher than that at Â = 0 • or 90 • , and tensile elongation above 2% could be obtained at Â = 45 • , owing to the localized shear deformation in the ␥ bands of the unique layered microstructure. 3. The anisotropy of the yield strength shown in the as-EBM alloy decreased with increasing temperature. The yield strength exhibited a peak at 700 • C, and then decreased above this temperature. All the examined specimens exhibited high yield strength above 350 MPa and good ductility over 40% at 800 • C. These properties are comparable to those of Ti-48Al-2Cr-2Nb alloys produced by other processes.
